Abstract-To meet requirements in mobile communication and microwave integrated circuits, miniaturization of the inductive components that many of these systems require is of key importance. At present, active circuitry is used which simulates inductor performance and which has high Q-factor and inductance; however, such circuitry has higher power consumption and higher potential for noise injection than passive inductive components. An alternate approach is to fabricate integrated inductors, in which lithographic techniques are used to pattern an inductor directly on a substrate or a chip. However, integrated inductors can suffer from low Q-factor and high parasitic effects due to substrate proximity.
I. INTRODUCTION
T HERE are a large number of discrete passives and relatively fewer integrated circuits (IC's) required in many consumer electronic products such as VCR's, pagers, cellular phones, GPS receivers, and camcorders, and RF or mixedsignal systems. The impact of the large number of discrete passives on system cost, size, weight, and reliability is substantial. An approach to addressing these issues is integrating these passive components directly into a multichip module (MCM), IC chips, or other packaging substrates [1] , [2] . In this research, fabrication technologies such as surface micromachining have been applied to fabricate integrated passive components with good performance characteristics at high frequency. The fabrication technologies are also compatible with conventional complementary metal-oxide-semiconductor (CMOS) processes. Much research has been done to improve the performance characteristics of integrated inductors by reducing parasitics and loss from the substrate. Recent examples include air gap spiral inductor structures that have been fabricated using glass microbump bonding (GMBB) to reduce losses and parasitic capacitance [3] . Due to the presence of the air gap, the parasitic capacitance can be minimized, thereby enhancing the resonant frequency. A large suspended inductor on silicon for RF amplifier applications was fabricated in [4] ; the deleterious effects of the silicon substrate were reduced by selectively etching out the silicon under the inductor. Transistor-integrated suspended spiral inductors formed from the metallization used in GaAs technologies have been produced; using air-bridge technologies, these devices have a typical air gap of 3 m between the conductor lines which form the inductor and the substrates [5] . Solenoid-type inductors have also been produced using a combination of electroplating and micromachining techniques that are suspended approximately 20 m above the substrate [6] . Examples of integrated passive filters incorporating integrated inductors have also been presented. A thin film LC passive filter has been fabricated by RF sputtering and ion-milling techniques [7] . A multilayer thin-film air core passives filter for the 850 MHz band was demonstrated in [8] .
Other examples of integrated passive components based on MCM-C (ceramic) and MCM-D (deposited) technology are described in [9] - [11] .
In this research, surface-micromachined suspended air core spiral inductors and passive LC filters based on these inductors are designed, fabricated, and characterized. Surface micromachining allows assessment of the feasibility of using various low cost substrates to fabricate integrated passives while maintaining good performance characteristics. The inductors have spiral geometry with an air core and a large air gap (60 m height) between the coils and the substrate (to reduce substrate parasitics), and thick, highly conductive electroplated copper conductor lines (to increase the quality factor). Various inductor geometries are also investigated by designing and fabricating several inductors with differing core areas and numbers of turns.
To fabricate passives filters, integrated metal-insulator-metal (MIM) capacitors are implemented using dielectric composite as an insulator, and these capacitors are integrated with the suspended inductors. The most commonly used geometry for integrated capacitors consists of two parallel conductor plates separated by a high-dielectric-constant material. An example of a suitable high dielectric constant material that is consistent with low temperature processing is a cured suspension of a high dielectric constant material suspended in an organic binder. Such polymer ceramic composites are a favorable choice for thin film capacitors in low temperature MCM-L or MCM-L/D technology [12] , [13] . These dielectric materials are two-phase composites in which the polymer allows low temperature fabrication and the filler enhances the dielectric constant of the resulting composite far beyond that of the unfilled polymer. However, there are many other requirements for integration of these capacitors, such as the ability to form thin ( 5 m) uniform films with high dielectric constant (50-100 for many applications); tan delta 0.01; low temperature curing with high temperature stability; and good adhesion to a variety of substrates are of primary importance. In this work, polyimide organic binders filled with lead magnesium niobate particles were employed to fabricate integrated capacitors [12] .
II. DESIGN AND MODELING
For high frequency applications, it is most appropriate to consider air-core inductor devices, since the high frequency behavior of many magnetic core materials is relatively poor. The characteristics of an integrated inductor with a nonmagnetic core can be determined solely by the coil geometry and location. In addition to accurate determination of the inductance of air-core inductors, it is also important at high frequency to assess parasitic effects such as stray capacitance and conductor skin effect in order to understand the effective operation of the device. Much research has been done to analyze the stray capacitance of an integrated inductor in high frequency applications [14] - [16] . The stray capacitance of the inductor determines the self-resonant frequency (SRF) and the Q-factor. Various aspects of the inductor geometry, such as the cross-sectional area of the conductor line, the line spacing, and the core size, must be considered such that the inductor has the desired performance after fabrication. The resistivity of the metal conductor should be low to obtain a high Qfactor at high frequency applications. Since high frequency current flows mostly along the surface area of a conductor, the skin effect causes the winding resistance to increase as the frequency is increased. Thicknesses of conductor lines much in excess of several skin depths at the frequency of interest will not greatly reduce the conductor resistance or increase the inductor Q-factor.
A spiral inductor design is considered for the realization of a high-Q integrated inductor due to its simplicity of fabrication as well as its large achievable core cross-sectional area. Fig. 1 shows a schematic drawing of an integrated spiral inductor with a large air gap between the conductor lines and the substrate. The air gap is maintained by plated copper metal supports that allow the air gap to be large compared with traditional air bridge approaches, thus reducing the stray capacitance from the substrate. Thick (e.g., electroplated) conductor lines (i.e., several skin depths) are also desirable to increase the cross-sectional area of the conductor and thereby reduce the conductor resistance.
Much research has been performed for modeling spiral inductors and predicting their inductance with and without consideration of parasitic effects [17] - [19] . As shown in (1), a square spiral inductor may be defined by the five independent geometric variables in free space [20] ( 1) where and are the outermost and innermost dimensions, respectively, as shown in Fig. 1; and , and are the number of turns, line spacing and metal thickness of the given square spiral inductor. Bryan found an empirical equation to calculate the inductance of a flat square spiral-type inductor based on these variables [19] , [21] (2) where (3) Equation (2) predicts inductance in microhenries when dimensions are expressed in centimeters.
The unloaded Q-value is found by taking the ratio of the imaginary part to the real part of the input impedance of the inductor (neglecting bonding pads and interconnect) as shown in Im Re
High quality factor means that the inductor has the desirable properties of low dissipation and favorable frequency characteristics when utilized in filter circuits. The effects of the substrate on the SRF and Q-factor can be reduced by introducing a large air gap between the substrate and the spiral coils. In the spiral geometry, this approach can also reduce winding capacitance by spatially separating the spiral coils from the central return lead. Such large air gaps can be achieved using a surface micromachining technique using, e.g., a polyimide sacrificial layer.
III. FABRICATION OF MICROINDUCTORS AND MICROFILTERS
The fabricated LC passive filter is composed of a suspended spiral-type air core inductor supported by thick electroplated copper metal posts, and an MIM high dielectric constant composite capacitor. In addition to integrated filter structures, test structures consisting of isolated inductors and isolated capacitors were also fabricated using the same lithographic mask set. Fig. 2 shows the fabrication sequence of the integrated LC filter using spiral-type air core inductors and composite MIM capacitors. A Ti/Cu/Ti seed layer was deposited on the glass substrate and polyimide (Dupont PI-2611) was then coated on top of the deposited seed layer to build electroplating molds for posts, test pads, and grounds. A conventional low-cost glass substrate, with no optimization of glass properties for high frequency operation, was used as the starting material. Two coats were applied to obtain 15 m thick polyimide molds. Each coat was cast at 600 rpm for 20 s, 3500 rpm for 4 s, and soft-baked at 120 C in a convection oven for 10 min prior to the application of the next coat. After spin-casting all coats, the polyimide was hard-cured at 200 C for 0.5 h and 300 C for 1 h in nitrogen. The polyimide molds were formed using plasma O etch and an aluminum hard mask. The electroplating molds were then filled with copper using standard electroplating techniques. Two coats of polyimide on top of the plated copper metal were spun and hard-cured. Electroplating molds were formed for a bottom electrode for the capacitor and via connections between selected posts and spiral-type conductor lines. The electroplating forms were then filled with copper using standard electroplating techniques. At this point, two parallel fabrication paths were followed. To make integrated inductors alone, a seed layer (Ti/Cu/Ti) was then deposited and 15 m thick photoresist was coated on the seed layer and patterned to form electroplating molds for conductor lines of the inductors. The electroplating molds were again filled with copper using standard electroplating techniques. The photoresist molds were then removed and the seed layer wet-etched. Plasma etching using 80% O and 20% CHF , was used to remove all polyimide on top of the substrate. After removing all polyimide, the bottom seed layer was wet-etched. To make integrated filters, composite dielectric material (Dupont 2721 photosensitive polyimide filled with lead magnesium niobate powder) was then spin-coated at 600 rpm for 10 s and 4000 rpm for 60 s continuously. The coated dielectric films were soft cured, exposed through a mask, developed, and hard cured at 300 C for 1 h in nitrogen. A seed layer (Ti/Cu/Ti) was then deposited and 15 m thick photoresist was coated on the seed layer and patterned to form electroplating molds for top electrodes of the MIM capacitors and conductor lines of the inductors. The electroplating molds were again filled with copper using standard electroplating techniques. The photoresist molds were then removed and the seed layer wet-etched. Plasma etching using 80% O and 20% CHF , was used to remove all polyimide on top of the substrate. The addition of the CHF gas also facilitated the removal of the polyimide under the metal conductor lines. After removing all polyimide, the bottom seed layer was wetetched. Figs. 3 and 4 show optical and SEM photomicrographs of the fabricated suspended spiral-type air core inductor. Fig. 5 shows a side view of the fabricated large suspended spiral-type air core inductor. Fig. 6 shows a scanning electron micrograph of large suspended (approximately 60 m) plated spiral conductor lines and signal connection through a plated via. Fig. 7 shows a photomicrograph of a fully integrated RF-LC filter using composite MIM capacitor and spiral-type air core inductor suspended over the substrate (dimension: 1.9 mm 2.4 mm).
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
Following many of the procedures in [22] , the fabricated spiral-type air core microinductors as well as an LC passive microfilter composed of a spiral-type air core inductor and a composite MIM capacitor, were measured. The experimental setup was an HP 85109C network analyzer, and CASCADE MICROTECH ground-signal-ground high frequency coplanar probes with 150 m pitch size. After calibration on open, short, and 50 resistor standards, the measurement was performed. In this measurement, the parasitics of the probe pads were not de-embedded. The measured two-port -parameters were transformed into one-port -parameters by terminating one of the ports with ground at an HP microwave and RF design system (MDS). A reflection coefficient, of the transformed one-port parameters was translated into an input impedance, for evaluating inductance and quality factor of fabricated inductors using the MDS tool. The unloaded Q-factor was determined by dividing the imaginary part of the input impedance by the real part (dissipated energy). The inductance was computed by dividing the imaginary part of the input impedance (inductive stored energy) by the frequency under the assumption that the effect of the parasitic capacitance in these structures at frequencies much lower than the self-resonant frequency is small. The characteristics of the integrated filter were determined by analyzing the measured scattering matrix. For measurement of the integrated filter, an HP 8510 network analyzer was used. The magnitude of the transmission coefficient is the gain, and is the phase difference between the input and output ports of the fabricated microfilter. Table I shows a list of the different geometries of the fabricated spiral-type air core microinductors. These inductors have 40-m-wide and 9-m-thick electroplated copper conductor lines, and the spacing between the windings is 40 m. All inductors are suspended over the substrate by approximately 60-m air gaps. The actual thickness of the copper conductor lines after completing fabrication was 9 m. The measured dc resistance of the fabricated inductors is well matched with calculated values based on the length and measured thickness of conductor lines and the resistivity of electroplated copper. Figs. 8 and 9 show a comparison of inductance and quality factor as a function of frequency of the fabricated spiral-type air core inductors. As shown in Fig. 8 , as both the number of turns and core area are increased, the inductance is increased as predicted. However, as frequency is increased, the inductors with large number of turns produce lower quality factor and self-resonant frequency, since the longer conductor lines produce higher series resistance and parasitic capacitance. At higher frequencies, shorter conductor lines and larger core area are required to have higher quality factor and self-resonant frequency (SRF). In the comparison of these fabricated inductors, the A-type inductor has the maximum Q-value, 50 at 0.8 GHz with an SRF of 2.85 GHz. The B-type inductor has a Q-value of 44 at 1.2 GHz with an SRF of 2.4 GHz, and the C-type inductor has a Q of 46 at 2.1 GHz with an SRF of 4.2 GHz. Fig. 10 shows an equivalent circuit for the fabricated spiraltype inductor [23] . In the circuit, models the self and mutual inductance in the spiral-type conductor lines, is the series resistance, and C1 and C2 model the parasitic capacitance from the conductor lines and the substrate. In the circuit model, substrate resistance is not present because the glass substrate acts as the dielectric layer. The inductance and resistance of the inductor increase as operating frequency increases due to the skin effect of the conductor lines. The values of parameters of the equivalent circuits shown in Fig. 10 were obtained by non-linear fitting using an HP microwave and RF design system (MDS) tool. The equivalent inductor model was implemented in the MDS simulator that provides computer optimization for the fitting of the model parameters to the measured data. Table II shows the fit values of the equivalent circuit parameters obtained by the MDS simulator. As shown in Table II , the parasitic capacitance, C1 and C2 are slightly different, since the structure of the fabricated inductor is not symmetrical. A comparison of the measured and simulated -parameters agree well up to a few GHz, with a slight discrepancy as frequency increases above several GHz. Table III shows a comparison of the measured low frequency inductance and the analytically calculated inductance of the fabricated suspended air core spiral inductors. The calculated inductance was evaluated using (3) and (4). The calculated inductance was slightly higher than the measured inductance. As the size of the inductor was reduced, the discrepancy between the measured inductance and the calculated inductance using Bryan's method increased. The C-type inductor that has the smallest size has the highest difference between measured and calculated inductance.
To demonstrate these integrated inductors in an application, an integrated passives filter composed of a spiral-type air core inductor and a MIM composite capacitor was fabricated and measured. The inductor is 1.5 mm 1.5 mm in size, 40 m in width, and 15 m in conductor line thickness, with 40 m spacing between conductor lines, and 3.5 turns of windings. The integrated capacitor is 0.3 mm 1.2 mm in size. Fig. 11 shows the gain characteristics derived form the measuredparameters of the fabricated LC filter. The fabricated filter is clearly a low pass filter with 3 dB attenuation at 880 MHz as shown in Fig. 11 . The simulation of the fabricated filter was performed using the HP microwave and RF design system (MDS) tool by adding the measured capacitance value of the output capacitor, 2 pF at 100 kHz, into the measured -parameters of the integrated inductor. The measured gain characteristic is slightly different than the simulated results as frequency is increased, since the parasitic capacitance of the interconnection and capacitor was excluded during the simulation.
V. CONCLUSION
Suspended integrated spiral microinductors with air core for wireless applications have been proposed, fabricated, and characterized using low temperature processes, electroplating techniques, and surface micromachining techniques. A 60 m air gap was introduced between the spiral-type conductor lines and the substrate to achieve higher Q-value and selfresonant frequency by reducing substrate loss and the parasitic capacitance from the substrate which is dominant in the total parasitic capacitance. The air gap was realized by supporting the spiral-type conductor lines using plated copper posts at the edges and at the center of the conductor lines.
Fabricated inductors with various geometries have been compared. As the number of turns is increased, the inductance, resistance, and parasitic capacitance are also increased. The increased resistance and parasitic capacitance reduce the Qfactor and the self-resonant frequency. These high Q integrated inductors are useful for communications, signal processing, MMIC circuitry, and analog circuitry applications operating at several GHz frequency ranges. A fully integrated LC filter with an air core spiral-type inductor and a MIM capacitor was also presented. The geometry and processing technology for integrated microinductors and microfilters show promise for application in systems operating in the several GHz region.
